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The graphene-based transparent and conductive films were demonstrated to be cost-
effective electrodes working in organic–inorganic hybrid Schottky solar cells. Large area
graphene films were produced by chemical vapor deposition on copper foils and transferred
onto glass as transparent electrodes. The hybrid solar cell devices consist of solution-
processed poly (3,4-ethlene-dioxythiophene): poly (styrenesulfonate) (PEDOT: PSS), which
is sandwiched between silicon wafer and graphene electrode. The solar cells based on
graphene electrodes, especially those doped with HNO3, have comparable performance
to the reference devices using commercial indium tin oxide (ITO). Our work suggests that
graphene-based transparent electrode is a promising candidate to replace ITO.
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INTRODUCTION
Solar energy is a potential substitute for fossil fuels in the future
because it is a renewable energy source and inexhaustible. Over a
few decades, the photovoltaic industry has been grown rapidly
following the improvements in the efficiency and the demand
for alternative energy resources. Commercial silicon photovoltaic
with the power conversion efficiency (PCE) of above 20% plays
a dominate role but the high-manufacturing cost is still a major
issue for large-scale implementation. Many efforts have been made
to reduce the cost of photovoltaic devices. The combination of
organic and inorganic materials to form a hybrid solar cell is very
promising approach as it marries lower process cost of organic
materials with the good performance of silicon. However, the con-
ventional anode for organic materials, indium tin oxide (ITO), is
becoming expensive because of the dwindling supplies of indium
and the growth of the environmental costs (Wang et al., 2008;
Novoselov et al., 2012; Son et al., 2012). The silver electrodes
demonstrated in the laboratory are also not suitable for large-scale
commercial usage. There are huge demands for developing new
electrode materials with lower cost and comparable performance.
Graphene has been proposed to be an effective transparent elec-
trode to replace ITO in solar cell (Bao et al., 2009; Park et al., 2011;
Wang et al., 2011a; Miao et al., 2012) as graphene exhibits excel-
lent properties such as low-sheet resistance, high transmittance,
good mechanical property, and good thermal and chemical sta-
bility (Yin et al., 2014). Graphene has very high-carrier mobility
as charge carriers in it are delocalized over large areas, resulting
in an unencumbered platform for electron/hole transport. High
Fermi-velocity and the ability to be doped chemically contribute
to extremely high in-plane conductivities. As early as 2007, Wang
et al. (2008) fabricated polymer solar cells using reduced graphene
oxide as transparent electrode and achieved a PCE of 0.26%. After-
wards, chemical vapor deposition (CVD) approach has been used
by many groups to synthesize single- or few-layer graphene films
with large area for energy harvesting applications, which is a signif-
icant advance in this field. Gomez De Arco et al. (2010) reported
the continuous, highly flexible, and transparent graphene films
produced by CVD as transparent conductive electrodes in organic
solar cells. The efficiency of organic solar cells with graphene elec-
trode was 1.18%, which is close to that of organic solar cells with
ITO electrode (~1.27%). In 2011, Wang et al. (2011a) used layer-
by-layer transfer method to fabricate multilayer CVD graphene
films with less defects and lower sheet resistance. The organic solar
cells with the electrode of four layers graphene have an improved
PCE up to 2.5%, which is 83.3% of the PCE of ITO-based devices.
For the hybrid solar cell, Wu et al. (2013) demonstrated the use of
graphene as transparent conductive electrodes with the structure
of graphene/organic/silicon, which has a PCE of 10%. However,
the solar cell has a very small device area of about 0.1 cm2.
In this work, we used graphene films as transparent elec-
trodes to work in organic–inorganic hybrid Schottky solar cells
with a relatively large device area. The hybrid solar cells based
on solution-processed poly (3,4-ethlene-dioxythiophene): poly
(styrenesulfonate) (PEDOT: PSS) in combination with silicon
wafer are fabricated through a simple and low-cost process (Li
et al., 2010; Song et al., 2012; Liu et al., 2013; Shen et al., 2013; Zhu
et al., 2013). It was found that the surface doping of graphene film
can effectively improve the device performance. This work suggests
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that the application of graphene-based transparent electrode can
be extended to a wide range of new optoelectronic devices.
MATERIALS AND METHODS
GROWTH AND TRANSFER OF GRAPHENE FILMS
Large area graphene films were produced using CVD on the copper
foils as the method described in the literature (Yu et al., 2010; Manu
et al., 2011). We used a modified transfer method to prepared the
graphene-based transparent electrode and it includes the following
steps: (1) deposition of PMMA and curing; (2) etching of copper
foil in FeCl3 solution and rinsing in deionized (DI) water for three
times; (3) rinsing PMMA/graphene in DI water three times; (4)
fishing of PMMA/graphene onto glass substrate; (5) re-deposition
of one drop of PMMA solution and curing; and (6) removal
of PMMA with acetone. The as-transferred graphene films were
doped by putting them in the vapor of HNO3 (concentration of
69%) for 10 s.
MATERIALS CHARACTERIZATIONS
The morphology of the graphene film was checked by optical
microscopy (Leica DM2700 M). The domain of the graphene
film was indicated by scanning electron microscope (SEM Quanta
200 FEG). The quality of the graphene film was verified by
Raman spectroscopy (HORIBA JOBIN-YVON LABRAM HR800).
The optical property was investigated by UV–visible spectrometer
(Perkin Elmer, Lambda 750). The work function of intrinsic and
doped graphene film is measured using ultraviolet photoelectron
spectroscopy (UPS, KRATOS Analytical).
PREPARATION OF SILICONWAFER AND PEDOT: PSS
The organic–inorganic hybrid solar cells were fabricated by n-
doped Si and PEDOT: PSS. The Si wafer was first cleaned for
half an hour using acetone, ethanol, and DI water. Following, the
wafer was treated by chlorination and alkylation. Highly conduc-
tive PEDOT: PSS (CLEVIOS PH 1000) was incorporated with 5%
wt DMSO to increase conductivity and 1% wt Triton was used
as surface activator. The resulting solution was stirred thoroughly
to ensure that the different chemicals are uniformly mixed (Shen
et al., 2010; Zhang et al., 2011).
FABRICATION OF SOLAR CELLS
Using physics vapor deposition (PVD), 0.6 nm of LiF and 200 nm
of Al electrode were deposited on the back of the silicon wafer.
Then PEDOT: PSS was spin-coated onto the silicon wafer and
the graphene/glass. (Speed: 4000 rpm, time: 1 min) The resulted
organic films (about 70–80 nm thick) was then annealed at 125°C
for 30 min in a glove box (Shen et al., 2013; Zhu et al., 2013). The
last step is the encapsulation of the solar cell devices, in which a
clamp and AB glue were used to firmly stick the graphene/glass
and silicon wafer together.
RESULTS
PREPARATION AND CHARACTERIZATIONS OF GRAPHENE FILMS
Figure 1 schematically shows the procedures to prepare graphene
transparent electrode. Graphene grown on copper was trans-
ferred onto glass substrate using PMMA as a supporting host.
The PMMA layer can be further cleaned by annealing the resulted
sample in inert gas at above 350°C. Multilayer graphene films can
be prepared by repeating the procedures in Figures 1A–D and
stacking the PMMA supported graphene onto graphene covered
glass.
Figure 2A shows the optical image of single layer graphene
transferred onto SiO2 wafer. It is found that the graphene film is
generally uniform with fewer cracks. Figure 2B shows the SEM
image of graphene film grown on copper substrate, indicating
very large graphene domains on copper grains. In order to further
check the quality of as-produced graphene film, Raman spectrum
was measured, as shown in Figure 2C. We can clearly see two
characteristic peaks: 2D peak at 2687 cm−1, which is originated
from the phonon resonance and G peak at 1579 cm−1, which is
correlated to the crystallinity of graphene (Ferrari et al., 2006).
The intensity of 2D peak is about two times that of G peak,
suggesting that the graphene synthesized on the copper foils is
single layer. There is no obvious D peak at around 1350 cm−1,
indicating very less defects or disorders. Figure 2D displays the
Raman mapping image of intensity ratio of G/2D over an area of
5µm× 5µm. It is revealed that G/2D ratio is almost below 0.5
over the whole area, indicating the nature of single atomic layer
(Bao et al., 2011).
FIGURE 1 | Schematic of transfer graphene onto glass substrate. (A) Synthesis of graphene on copper foil, (B) spin-coating of PMMA onto the Cu foil to
protect graphene, (C) etching of Cu, (D) transfer of graphene/PMMA film onto glass, (E) removal of PMMA in acetone.
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FIGURE 2 | (A) Optical image of monolayer graphene on SiO2 substrate.
(B) SEM of graphene film grown on copper substrate. (C) Raman spectrum of
monolayer graphene measured on silicon substrate. (D) G/2D peak Raman
map of monolayer graphene. (E) Photograph of one to four layers graphene
films covering on quartz substrates. (F)Transmittance spectra of graphene
with different numbers of layers. (G) Optical transparency of graphene film as
a function of number of layers. (H) Sheet resistance of the undoped and
doped graphene films with different numbers of layers.
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Figure 2E shows the photograph of one to four layers of
graphene on quartz substrates. With the increasing of the number
of layers, the contrast becomes darker from left to right. Figure 2F
shows the transmittance spectra from visible to near-infrared
range. The smoothness of the transmittance spectrum for each
graphene sample suggests that the films are generally uniform. The
transmittance decreases as the number of layers (see Figure 2G) in
graphene increases, i.e., each additional layer results in a decrease
of about 2.3% in the transmittance, which is due to the universal
absorption of graphene film shows in Figure 2F. We also found
that the sheet resistance of both undoped and doped graphene
is reduced while increasing the number of layers, as shown in
Figure 2H.
CHARACTERIZATIONS OF THE SOLAR CELLS
Figure 3A shows the schematic structure of the hybrid Schottky
solar cells with graphene electrode. The cross-section of the device
FIGURE 3 | (A) Schematic diagrams of hybrid solar cells using graphene as
electrode. The cross-section of solar cell shows different functional layers.
(B) Photograph of the real hybrid solar cell device after encapsulation. Left:
top view; right: bottom view. (C) Photograph of solar cell device covered
with a mask.
reveals a vertical structure where PEDOT: PSS is sandwiched
between and n-type silicon. Figure 3B shows the photographs of
real solar cell device. Both the top view and bottom view are pre-
sented. In order to standardize the photovoltaic measurements,
a mask is used to expose an area of 0.5 cm× 0.5 cm for light
illumination, as shown in Figure 3C.
Figure 4 shows the output characteristics and external quantum
efficiency (EQE) of doped graphene-based hybrid solar cells under
AM1.5G illumination. The JSC of the devices is above 22 mA/cm2
and the average circuit voltage (Voc) is about 0.55± 0.2 V. The
detailed performance results are summarized in Table 1. For 2-
layer and 3-layer graphene films, the same fill factor is obtained;
however, 3-layer graphene gives higher PCE and the highest JSC
(25.09 mA/cm2). Overall, 4-layer graphene gives the highest fill
factor and PCE. It may result from a lower sheet resistance in the
3-layer and 4-layer graphene. It is generally found that the fill factor
and PCE are increased while increasing the number of graphene
layers. This may be attributed to the reduction of the sheet resis-
tance as well as the improved contact between graphene layers
and PEDOT: PSS. This trend agrees with the observed trend in
literatures (Wang et al., 2011a). However, it should be noted that
the performance of different batches of devices is also different
due to many unpredictable factors during the device fabrication.
By optimizing the graphene film quality, balancing the optical
transparency with conductivity and the fill factor, it is possible to
obtain a relatively high efficiency from these hybrid Schottky solar
cells.
In order to further study the effect of sheet resistance and
work function of graphene on the solar cell performance, we
compare the devices based on undoped graphene with those
based on doped graphene. It is well known that HNO3 could
cause p-type doping in graphene, which improves the conductiv-
ity and charge transfer efficiency (Wang et al., 2011b; Feng et al.,
2012; Miao et al., 2012; Cui et al., 2013). Figure 5A shows the
photovoltaic characteristics and Table 2 lists the detailed perfor-
mance parameters. Figure 5B shows the schematic energy dia-
gram of the hybrid solar cell device. The down-shift of Fermi
level in graphene (p-type doping) will facilitate the collection of
FIGURE 4 | Characterizations of graphene-based hybrid solar cells. (A)The current density versus voltage (J–V) curve of solar cells with two to four layers
graphene electrodes. (B) External quantum efficiency of the solar cells.
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photo-excited holes from PEDOT: PSS/Si hetero-junction. Inter-
estingly, the PCE of graphene-based solar cell is improved by 40%
after doping with HNO3, as illustrated in Table 2. This is under-
standable because the doping treatment causes the sheet resistance
to decrease from 320 to 247Ω/ (see Table 3). Another con-
sequence of doping is that the short-circuit current (Jsc) of the
graphene-based solar cell increases from 22.88 to 25.08 mA/cm2
(see Table 2).
The engineering of work function of graphene by doping also
plays an important role to affect the final device performance.
As shown in Table 3, the measured work function of 3-layer
graphene is increased from 4.36 to 4.81 eV. The Voc of the solar
cell before the doping of graphene is lower than that of ITO-
based solar cell, however, it is increased from 0.48 to 0.55 V but
after the doping, which is even higher than that of ITO-based
solar cell. As a result, the PCE of graphene-based solar cell is
enhanced from 3.92 to 5.48%. Using ITO-based hybrid solar
cell as a reference, it is found that doped graphene electrode
can deliver comparable energy conversion performance (Wang
et al., 2011a), 3-layer graphene electrode gives a PCE of 5.48%,
which is about 87% of that of ITO. There is still much space
to improve for graphene-based electrode as the sheet resistance
of ITO is ~100Ω/ or less. However, considering rising price
of ITO because of the dwindling supplies of indium, graphene
films, with additional chemical tunability, could be a very promis-
ing candidate to replace ITO as transparent electrode in solar
cells.
Table 1 |The parameters of solar cells made from doped graphene
electrodes with different thicknesses.
2-Layer graphene 3-Layer graphene 4-Layer graphene
Voc (V) 0.57 0.55 0.55
Jsc (mA/cm2) 23.32 25.08 22.24
Fill factor 0.40 0.39 0.47
PCE (%) 5.35 5.48 5.76
The degradation in solar cells is also a very important figure of
merit to evaluate the device performance. We tested the ITO and
graphene electrode solar cells after 1 month storage in dry cabinet.
Figure 6 and Table 4 show the results before and after 1 month.
It is found that both the solar cell with graphene and that with
ITO experience a decrease in PCE after a month. The fill factor
of both solar cells is decreased by almost 6.3%. The Jsc of ITO-
based solar cell is decreased from 25.64 to 22.4 mA/cm2 and the
Voc is decreased from 0.53 to 0.50 V. In contrast, the Voc and Jsc
of the graphene-based device have a relatively smaller decrease,
from 0.55 to 0.54 V and from 25.09 to 23.49 mA/cm2, respectively.
Consequently, the PCE of ITO-based solar cell is decreased by
22.7% and that of graphene-based solar cell is decreased by 11.7%
only. Therefore, it is concluded that graphene-based hybrid solar
cell device degrade slower than ITO-based hybrid solar cell. It may
correlate to good chemical compatibility of graphene with organic
molecular such as PEDOT: PSS and this is an interesting topic in
demand of further investigation.
Table 2 |The parameters of the different solar cells based on graphene
and ITO electrodes.
ITO 3-Layer graphene
(undoped)
3-Layer graphene
(doped)
Voc (V) 0.52 0.48 0.55
Jsc (mA/cm2) 26.38 22.88 25.08
Fill factor 0.46 0.36 0.39
PCE (%) 6.33 3.92 5.48
Table 3 |The work function and sheet resistance of 3-layer graphene
before and after doped by HNO3.
3-Layer graphene Undoped graphene Doped graphene
Work function (eV) 4.36 4.81
Sheet resistance (Ω/) 320Ω/ 247Ω/
FIGURE 5 | (A) J–V curves of the solar cells based on graphene and ITO electrodes. (B) Schematic energy diagram of the hybrid solar cell device.
www.frontiersin.org November 2014 | Volume 1 | Article 26 | 5
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Li et al. Graphene solar cell
FIGURE 6 | J–V curves of the solar cells measured before and after
1month.
Table 4 |The degradation of different solar cells with ITO and
graphene electrodes.
ITO ITO after
1month
3-Layer
graphene
3-Layer graphene
after 1month
Voc (V) 0.53 0.5 0.55 0.54
Jsc (mA/cm2) 25.64 22.4 25.09 23.49
Fill factor 0.40 0.37 0.40 0.38
PCE (%) 5.38 4.16 5.48 4.84
CONCLUSION
The graphene-based thin films were successfully applied as trans-
parent electrodes working in organic–inorganic hybrid Schot-
tky solar cells. In comparison to similar solar cell devices using
ITO as electrodes, graphene-based solar cells can deliver com-
parable photovoltaic performance. It is found that the chemi-
cal doping by HNO3 can effectively increase the work function,
reduce the sheet resistance, which in turn improve the solar
cell performance. The lifetime study suggests that graphene-
based solar cell experiences smaller degradation than ITO-based
device. This work indicates that graphene-based electrodes have
the potential to replace ITO in a wide range of optoelectronic
devices.
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